Brown adipose tissue (BAT) activity protects animals against hypothermia and represents a potential therapeutic target to combat obesity. The transcription factor early B cell factor-2 (EBF2) promotes brown adipocyte differentiation, but its roles in maintaining brown adipocyte fate and in stimulating BAT recruitment during cold exposure were unknown. We find that the deletion of Ebf2 in adipocytes of mice ablates BAT character and function, resulting in cold intolerance. Unexpectedly, prolonged exposure to cold restores the thermogenic profile and function of Ebf2 mutant BAT. Enhancer profiling and genetic assays identified EBF1 as a candidate regulator of the cold response in BAT. Adipocyte-specific deletion of both Ebf1 and Ebf2 abolishes BAT recruitment during chronic cold exposure. Mechanistically, EBF1 and EBF2 promote thermogenic gene transcription through increasing the expression and activity of ERRα and PGC1α. Together, This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
INTRODUCTION
Brown adipose tissue (BAT) thermogenesis protects animals from hypothermia during cold exposure and is associated with a resistance to obesity (Harms and Seale, 2013; Yoneshiro et al., 2013) . Brown adipocytes are packed with mitochondria that contain uncoupling protein-1 (UCP1). When activated, UCP1 dissipates the mitochondrial membrane potential, which creates a driving force to burn large amounts of glucose and fatty acids, generating heat as a byproduct. The therapeutic potential of BAT to reduce metabolic disease has motivated great interest in defining the pathways that control the development and function of brown adipocytes.
BAT depots develop prenatally in mice, providing newborns with an increased capacity for non-shivering thermogenesis. Cold exposure is the major physiological activator of BAT thermogenesis. Cold-exposure-induced β-adrenergic signaling in brown adipocytes drives lipolysis, substrate oxidation, and uncoupled respiration (Cannon and Nedergaard, 2004) . βadrenergic signaling also increases the expression of Ucp1 and mitochondrial genes in adipocytes to augment BAT capacity.
Distinct transcriptional pathways regulate the development and thermogenic activation of brown adipocytes in response to stimulation. The p38 mitogen-activated protein kinase (MAPK) signaling cascade plays a critical role in mediating thermogenic gene activation in response to β-adrenergic agonists (Cao et al., 2004) . p38 phosphorylates activating transcription factor 2 (ATF2) and peroxisome proliferator-activated receptor gamma (PPARγ) coactivator 1α (PGC1α) to increase the transcription of Ucp1 and other mitochondrial genes. Other transcription factors also promote thermogenic gene induction in response to β-adrenergic agonists, including the estrogen-related receptors (ERRs), cAMP response element-binding protein (CREB), ZFP516, and interferon reglatory factor-4 (IRF4) (Ahmadian et al., 2018; Brown et al., 2018; Dempersmier et al., 2015; Emmett et al., 2017; Kong et al., 2014; Kozak et al., 1994; Yubero et al., 1994) .
We previously identified the transcription factor early B cell factor-2 (EBF2) as an important regulator of brown fat cell commitment. EBF2 expression is enriched in brown relative to white fat precursor cells and adipocytes (Rajakumari et al., 2013; Wang et al., 2014) . Ectopic expression of EBF2 in white fat precursors or muscle cells promotes brown adipocyte differentiation (Rajakumari et al., 2013; Stine et al., 2015) . Overexpression of EBF2 or deletion of the EBF repressor ZFP423 in the white adipose tissue (WAT) of mice stimulates browning and suppresses the development of obesity (Shao et al., 2016; Stine et al., 2015) . Whole-body knockout (KO) of Ebf2 impairs fetal brown fat development (Rajakumari et al., 2013; Wang et al., 2014) . However, EBF2 is expressed in various cell types, precluding studies addressing the physiologic role of EBF2 in regulating BAT activity of adult mice.
Here, we define a critical requirement for EBF2 in establishing and maintaining the thermogenic character of brown adipocytes under basal conditions. Deletion of Ebf2 in adipocytes of mice ablated BAT activity, causing cold intolerance. Interestingly, sustained cold exposure restored the thermogenic profile and function of Ebf2 mutant BAT. Enhancer activity analyses identified an enrichment of DNA-binding motifs for EBFs and ERRs in mutant BAT in response to cold exposure, implicating a potential role for the related EBF family member, EBF1. Deletion of EBF1 alone in adipocytes had minor effects on BAT. However, concurrent deletion of EBF1 and EBF2 caused a complete loss of brown fat thermogenic fate and ablated BAT recruitment during chronic cold exposure. Mechanistic studies showed that EBF1 or EBF2 enhances the activity and expression of the cold-induced transcription factors ERRα and PGC1α to stimulate Ucp1 transcription. Together, these studies demonstrate that EBF proteins control basal and cold-induced thermogenic gene programing in adipocytes.
RESULTS

Adipocyte EBF2 Controls Adaptive Thermogenic Responses
To evaluate the role of EBF2 in regulating the thermogenic programing of adipocytes, we generated adipocyte-specific Ebf2 mutant mice using the Adipoq-Cre driver strain (Ebf2 ΔAdipoq ). Ebf2 expression was decreased in the BAT of Ebf2 ΔAdipoq mice but was unaffected in the stromal-vascular fraction (SVF) of BAT, which contains brown preadipocytes ( Figures 1A and S1A ). By contrast, Myf5-Cre, which expresses in embryonic brown fat progenitor cells, decreased Ebf2 expression in the BAT SVF ( Figure 1A) . At late stages of fetal development, the BAT of Ebf2 ΔAdipoq mice had higher lipid content and reduced eosinophilic (mitochondrial) staining compared to the BAT from control mice ( Figure 1B ). Ebf2 ΔMyf5 and Ebf2 ΔAdipoq mutant BAT at this stage expressed greatly reduced levels of Ucp1 and the mitochondrial marker Cytochrome C (Cycs), along with elevated levels of the white adipocyte marker Resistin (Retn), relative to wild-type (WT) controls ( Figure S1 ). Additionally, BAT from Ebf2 ΔAdipoq mice displayed a near-complete loss of UCP1 expression and lower levels of many mitochondrial respiratory chain proteins ( Figure  1C ). Conversely, the complex V protein ATP5a, which is normally expressed at low levels in brown relative to white fat, was upregulated in Ebf2 mutant BAT ( Figure 1C ). Transmission electron microscopy analyses showed that the BAT of Ebf2 ΔAdipoq mice had greatly diminished mitochondrial density and larger lipid droplets ( Figure 1D ).
The BAT of adult (8-to 10-week-old) Ebf2 ΔAdipoq mice also expressed lower levels of thermogenic and mitochondrial genes, including a ~80% reduction of Ucp1 relative to that in control animals ( Figure 1E ). Moreover, Ebf2 mutant BAT expressed diminished levels of several transcriptional regulators of mitochondrial biogenesis, including Esrra, Esrrg, and Ppargc1b ( Figure 1E ). White-fat-enriched genes, including Adipoq and Retn, were upregulated in Ebf2 mutant BAT ( Figure 1E ).
Upon acute exposure to 4°C, Ebf2 ΔAdipoq mutant mice experienced a greater decline in body temperature compared to control mice, indicative of cold intolerance ( Figure 1F ). We further assessed the thermogenic capacity of control and mutant mice in response to norepinephrine (NE). NE augmented oxygen consumption by ~4-fold in control animals, and this response was markedly blunted in Ebf2 ΔAdipoq mice ( Figure 1G ). Altogether, these results demonstrate that adipocyte-EBF2 is required to establish and maintain the thermogenic function of brown adipocytes.
An EBF2-Independent Pathway Mediates Chronic Cold-Induced BAT Recruitment
Mice housed at room temperature (RT; 22°C) experience mild cold stress, characterized by constitutive BAT activation (Feldmann et al., 2009) . To determine if EBF2 regulates BAT fate under basal (unstimulated) conditions, we housed Ebf2 WT and Ebf2 ΔAdipoq mice at 30°C, near their thermoneutral point. At this temperature, Ebf2 mutant BAT displayed an even more pronounced loss of thermogenic character, compared to the effects at 22°C. This included a dramatic morphologic conversion of BAT to WAT-like tissue, characterized by increased lipid deposition, a near-complete loss of Ucp1 mRNA and protein expression, and diminished levels of mitochondrial genes (Figures 2A-2C ). Ucp1 mRNA levels were reduced by ~16-fold in Ebf2 mutant versus control BAT in thermoneutral-housed mice, compared to a ~3-fold reduction observed at RT ( Figure 2B ).
The capacity for moderate cold exposure to increase the thermogenic profile of Ebf2 mutant BAT led us to examine the effects of chronic exposure to more severe cold. Following exposure to 4°C for 1 week, the BAT of both Ebf2 WT and Ebf2 ΔAdipoq mice assumed the histological appearance of thermogenically active tissue, including depleted lipid content and dense eosinophilic staining ( Figure S2A ). Ucp1 and Cycs were induced to similarly high expression levels in control and Ebf2 mutant BAT ( Figure 2D ). UCP1 and mitochondrial proteins were also expressed at equivalent levels in control and Ebf2 mutant BAT following cold exposure ( Figure 2E ). Finally, cold exposure normalized Retn expression in Ebf2 mutant BAT ( Figure 2D ).
We next assessed if long-term cold exposure normalized the thermogenic capacity of Ebf2 ΔAdipoq mice. As shown above, NE increased oxygen consumption to a much greater extent in control than in Ebf2 mutant animals housed at 22°C (RT) ( Figure 2F ). Following housing at 4°C for 7 days, NE raised oxygen consumption to similarly high levels in control and mutant animals ( Figure 2F ). There were no statistically significant differences in oxygen consumption between cold-acclimated control and mutant mice at any time points. To assess if one bout of cold exposure permanently restored the thermogenic program in Ebf2-mutant BAT, we cold exposed mice for 1 week and then re-acclimated them to RT for another week. The BAT of the "re-warmed" Ebf2 ΔAdipoq mice (4C→RT) expressed lower levels of thermogenic genes than did control mice, similar to the pattern observed in cold-naive mice ( Figure 2G ). These findings show that sustained cold exposure enables Ebf2-independent thermogenic gene expression and function in BAT.
In addition to driving BAT recruitment, cold exposure elicits the development of UCP1 + multilocular "beige" adipocytes in WAT depots. Adipocyte Ebf2 deficiency caused a marked decrease in beige adipocyte formation and Ucp1 expression in inguinal WAT (iWAT) during cold exposure ( Figures S2B-S2D ). The loss of Ebf2 in adipocytes did not affect either basal or b3-adrenergic agonist-stimulated lipolysis in epididymal adipose tissue ( Figure S2E ). Moreover, adipocyte Ebf2 deficiency did not affect body weight or composition in mice housed at RT ( Figure S2F ).
The Classic Thermogenic Program in Adipocytes Is Dispensable for High-Fat-Diet-Induced Thermogenesis
High-fat or cafeteria (high fat, high sugar) diets increase energy expenditure, though the contribution of BAT thermogenesis or UCP1 to this process is debated (Anunciado-Koza et al., 2008; Feldmann et al., 2009; Kazak et al., 2017; Kontani et al., 2005; Ma et al., 1988; Rothwell and Stock, 1979) . To test if the increase in energy expenditure induced by a highfat diet (HFD) depends on EBF2 action in adipocytes, we housed Ebf2 WT and Ebf2 ΔAdipoq mice at 30°C (to exempt them from cold stress) and fed them a HFD ( Figure S3A ). Under these experimental conditions, the BAT of mutant mice expressed greatly reduced levels of UCP1 and mitochondrial genes and higher levels of Retn compared to controls ( Figure  S3B ). Ebf2 mutant animals also displayed a severe reduction in NE-stimulated oxygen consumption ( Figure S3C ). Despite this deficit in BAT activity, Ebf2 mutant mice gained similar amounts of body weight as the control animals ( Figure S3D ). Control and Ebf2 mutant animals also had similar blood glucose and insulin levels under both fasting and refed conditions ( Figures S3E and S3F ). Daily energy expenditure during HFD feeding was equivalent between control and mutant mice ( Figure S3G ). During the switch from normal chow to HFD, oxygen consumption increased and the respiratory exchange ratio decreased to a similar extent in control and mutant animals ( Figures S3H-S3J ). Overall, these findings indicate that the EBF2-driven BAT thermogenic program (including UCP1) is not essential for HFD-induced thermogenesis.
EBF Activity Controls Basal and Adaptive Thermogenic Gene Expression
To investigate the mechanism responsible for Ebf2-independent BAT recruitment, we performed unbiased gene expression profiling of BAT from Ebf2 WT and Ebf2 ΔAdipoq mice at RT and following cold exposure ( Figure 3A) . Clustering analysis identified a large set of genes (light green cluster) that were induced by cold to a similar extent in control and Ebf2 mutant BAT. This cluster was enriched for genes involved in oxidative metabolism and mitochondrial activity, including Ucp1, Ppargc1b, Esrra, and Esrrg ( Figures 3B and 3C ). To identify EBF2-and cold-regulated enhancers, we profiled the genome-wide levels of H3K27-acetylation (H3K27ac) in BAT. Genomic regions with reduced levels of H3K27ac in Ebf2 mutant versus control BAT at RT were enriched for the EBF binding motif, suggesting that EBF2 functions as a transcriptional activator at many of these sites ( Figure 3D ). Regions with higher H3K27ac levels in control BAT during cold exposure (cold induced) were enriched with binding motifs for the ERRs, thyroid hormone receptor (TR), and IRX3 ( Figure 3E ). Of note, the cold-induced H3K27ac regions in Ebf2 mutant BAT were enriched for an EBF motif ( Figure 3F ), leading us to consider whether cold engages the activity of another EBF family member.
EBF1 is highly expressed in adipocytes and is known to regulate white adipocyte differentiation (Akerblad et al., 2002; Griffin et al., 2013; Jimenez et al., 2007) . To determine if EBF1 regulates brown adipocyte fate, we generated adipocyte-specific Ebf1 mutant (Ebf1 ΔAdipoq ) mice. The BAT of Ebf1 ΔAdipoq mice did not display an altered expression of Ebf2, Ucp1, Cycs, or Retn at RT ( Figure 3G ). Additionally, the levels of UCP1 and mitochondrial proteins were unaffected by the loss of Ebf1 ( Figure S4A ). At thermoneutrality (TN; 30°C), the BAT of Ebf1 mutant mice displayed a modest reduction in Ucp1 expression and elevated Retn levels ( Figure S4B ). To determine if EBF1 compensates for the loss of EBF2 to mediate BAT recruitment during cold exposure, we generated adipocyte-specific Ebf1/Ebf2 double KO (Ebf1/2 ΔAdipoq ) mice. At RT, the concurrent loss of Ebf1 and Ebf2 resulted in a greater reduction of Ucp1 and an increase in Retn expression in BAT, as compared with the loss of Ebf2 alone ( Figure S4C ). As observed before, control and Ebf2 single-mutant BAT adopted the characteristics of thermogenically active tissue following chronic cold exposure, including lipid depletion and dense eosinophilic staining ( Figure 3H ). By contrast, Ebf1/2 double-mutant BAT retained a white-fat-like morphology and did not lose its lipid stores during cold exposure ( Figure 3H ). The induction of Ucp1 expression in response to cold was nearly absent in Ebf1/2 double-mutant BAT (Figures 3I  and S4D ). Moreover, cold failed to normalize the expression of Esrra or Esrrg in the BAT of 
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Ebf1/2 double KO (DKO) animals ( Figure 3I ). These results demonstrate that EBF1 or EBF2 is required for cold-stimulated BAT recruitment.
EBF2 Cooperates with PGC1α and ERRα to Promote Ucp1 Expression
Lastly, we sought to determine the mechanism by which EBF proteins control the coldinduced expression of Ucp1. The −6 kb Ucp1 enhancer is occupied by EBF2, ERRα, and the adipocyte-determination factor PPARγ in BAT ( Figure 4A ) Shapira et al., 2017) . Motif analyses of cold-induced enhancers in BAT identified a high enrichment of ERR binding sites, raising the hypothesis that EBFs cooperate with ERRα and its co-activator partner PGC1α to stimulate transcription ( Figures 3D-3F) . The −6 kb Ucp1 enhancer contains putative DNA binding sites for EBF2 and ERR ( Figure 4B ). In reporter gene assays, we found that either EBF2 or EBF1, while having little activity on their own, synergized with PGC1α or PGC1β to strongly activate transcription from the −6 kb Ucp1 enhancer ( Figures 4C and S4E ). The addition of ERRα further enhanced the transcriptional activity of EBF2 and PGC1α (Figures 4C and S4E ). EBF1 and EBF2 were also able to synergize with PGC1β to activate the −6 kb Ucp1 enhancer ( Figures S4F and   S4G ).
To determine the nature of this cooperativity, we tested the transcriptional activity of various mutant forms of EBF2. EBF2 R162A, which contains a mutation in the DNA-binding domain, was unable to cooperate with PGC1α to activate transcription ( Figure 4D ). Deletion of the C-terminal serine/proline transactivation domain did not affect EBF2 transcriptional activity ( Figure 4D ). To test if EBF2 enhances the function of an ERR/PGC1α complex, we mutated a candidate ERR-binding site within the −6 kb Ucp1 enhancer ( Figure 4B ).
Deletion of this site eliminated the ability of ERRα/PGC1α to activate transcription, validating it as a functional ERRα site ( Figure 4E ). Mutation of this site also largely abolished the capacity for EBF2 or EBF1 to cooperate with PGC1α and stimulate transcription ( Figures 4F and S4H) . Notably, EBF2 still efficiently cooperated with PPARγ to activate transcription from the mutant enhancer, suggesting distinct sites for EBF2 action ( Figure 4H ). To determine if ERRα expression was required for the transcriptional activity of EBF2 and PGC1α, we performed transcription assays in Esrra mutant cells ( Figures S4I   and S4J ). In the absence of ERRα, EBF2 was unable to cooperate with PGC1α or efficiently promote transcription from the Ucp1 enhancer ( Figure 4I ). Altogether, these results indicate that EBF2 enhances the transcriptional activity of an ERRα/PGC1α complex to drive Ucp1 transcription (model; Figure 4I ).
DISCUSSION
This study reveals that EBF proteins control the thermogenic gene program in adipocytes during development and in response to environmental cold. Adipocyte-EBF2 is essential for maintaining brown fat fate in mice housed under standard conditions, ensuring proper thermogenic function and tolerance upon cold challenge. Chronic cold exposure recruited BAT activity through a pathway that depended on either EBF1 or EBF2.
Non-shivering thermogenesis in BAT has been suggested to counteract weight gain. While the EBF2-driven thermogenic program in adipocytes was essential for cold tolerance in mice, this program (including UCP1 expression) was dispensable for HFD-induced thermogenesis. We found that the HFD induced an equivalent increase in oxygen consumption and shift to higher fatty acid utilization in control and Ebf2 mutant mice.
Several studies have described UCP1-independent forms of energetic uncoupling in adipocytes, which could mediate HFD-induced thermogenesis and/or compensate for a loss of UCP1 (Anunciado-Koza et al., 2008; de Meis, 2003; de Meis et al., 2006; Flachs et al., 2013; Granneman et al., 2003; Ikeda et al., 2017; Kazak et al., 2015 Kazak et al., , 2017 Long et al., 2016; Ukropec et al., 2006) . In particular, a creatine cycling pathway in adipocytes of mice counteracts HFD-induced weight gain (Kazak et al., 2015 (Kazak et al., , 2017 (Kazak et al., , 2019 . We speculate that EBF2 controls the UCP1-based pathway in adipocytes without influencing the activity of other thermogenic pathways, such as the creatine cycle.
Cold exposure activates BAT and elicits the development of thermogenic UCP1+ (beige) adipocytes in WAT. While chronic cold exposure rescued BAT activity, it did not restore beige adipocyte formation in Ebf2 ΔAdipoq mice. This may be due to lower expression and/or activity of other EBFs in WAT versus BAT. Alternatively, WAT browning may rely more on EBF2 due to the lower levels of sympathetic innervation and adrenergic stimulation in WAT compared to BAT. Of note, cold-adapted Ebf2 mutant mice displayed the same thermogenic capacity as WT animals despite a near-complete absence of UCP1 expression in WAT. This result suggests that BAT is the predominant source of adrenergically stimulated thermogenesis during cold exposure. Alternatively, the level of acute NE-stimulated thermogenesis could be limited by other factors, such as oxygen delivery or blood flow, precluding the ability to detect a contribution from beige fat.
Genomic and transcriptional studies indicate that EBF proteins promote thermogenic gene transcription through cooperation with members of the ERR and PGC1 protein families, which are known to regulate the BAT cold response (Brown et al., 2018; Emmett et al., 2017; Gantner et al., 2016; Kleiner et al., 2012) . Our data support a model in which EBF binding to thermogenic gene enhancers such as Ucp1 facilitates the binding and/or transcriptional function of ERR/PGC1α ( Figure 4I ). We previously showed that EBF2 associates with the BAF chromatin-remodeling complex to increase PPARγ activity during brown adipocyte differentiation. A similar mechanism may enhance ERR/PGC1α activity at thermogenic genes during cold exposure. In support of this, BRG1, a member of the BAF chromatin-remodeling complex, is recruited to brown adipocyte enhancers in response to βagonist treatment (Abe et al., 2015) . In addition to regulating the transcriptional activity of ERR/PGC1, EBF1 and EBF2 promote the expression of Esrra, Esrrg, and Ppargc1b, establishing a feed-forward loop to drive the BAT cold response. It is yet unknown whether cold enhances the chromatin binding or remodeling activity of EBFs.
In summary, our data highlight the critical function of EBF proteins in regulating the basal and adaptive thermogenic gene programs in BAT. Identification of the factors that stimulate EBF expression and/or activity in adipocytes may thus reveal new approaches to increase BAT activity for the treatment of obesity and related disease. 
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STAR★METHODS LEAD CONTACT AND MATERIALS AVAILABILITY
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Patrick Seale (sealep@pennmedicine.upenn.edu). All unique/ stable reagents generated in this study are available from the Lead Contact without restriction.
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Mice-Mice were housed under the care of University of Pennsylvania University Laboratory Animal Resources (ULAR), which provides both basic husbandry and veterinary care. Animals were raised at room temperature on standard chow with a 12-hour light/dark cycle. The following strains were obtained from the Jackson Laboratory: AdipoqCre (strain name: B6 B6;FVB-Tg(Adipoq-cre)1Evdr/J, RRID:IMSR_JAX:010803) (Eguchi et al., 2011) . The following stock was generated by Patrick Seale: Ebf2 loxP/loxP . The following stock was generated by Rudolph Grosschedl: Ebf1 loxP/loxP (Györy et al., 2012) . Experiments performed at P0.5 and embryonic time points were conducted on male and female mice. Experiments at adult time points were performed in male mice between the ages of 8 to 12 weeks at the onset of the experiment. All mouse housing and husbandry occurred at RT (22°C) unless specified otherwise. For chronic cold exposure, 8to 10-week-old mice were pair-housed in cages at 4°C. For thermoneutral acclimation, 4to 5-week old mice were housed at 30°C for one month.
METHOD DETAILS
Thermogenic Capacity Assays and Metabolic Phenotyping-For thermogenic capacity assays, CLAMS metabolic chambers (Columbus Instruments) were warmed to 33°C. Mice were placed in chambers and sedated with 75 mg/kg Nembutal. Following 1 round of reading (13 minutes), mice were injected with 1 mg/kg NE (Sigma A9512-1G) subnuchally and VO 2 was measured until mice woke up (Kissig et al., 2017) . For basal metabolic phenotyping, mice were placed into CLAMS metabolic chambers warmed to 30°C. Average hourly light/dark oxygen consumption and RER measurements were obtained using Cal-R software (Mina et al., 2018) . 45% HFD was obtained from Research Diets [D12451].
Cold Tolerance Tests-8to 10-week-old room temperature acclimated mice were singly housed in pre-chilled cages at 4°C, with rectal temperatures measured hourly for 6 hours.
Body Composition Analysis-Body weight and body composition were measured in ad-lib fed conscious mice using EchoMRI 3-in-1 system nuclear magnetic resonance spectrometer (Echo Medical Systems, Houston, TX) to determine whole body lean and fat mass.
Lipolysis Assay-Fresh eWAT depots were dissected from ad libitum-fed mice and put into FluoroBrite DMEM. The depots were then cut into 4-6 small similar-sized pieces and transferred into 150 μL FluoroBrite DMEM supplemented with 2% FA-free BSA in 96-well plates for 30 min for pre-incubation. To analyze basal lipolysis, tissues were transferred into 150 μL of fresh FluoroBrite DMEM supplemented with 2% FA-free BSA for 60 min. Then, the tissues were transferred and pre-incubated for 30 min in 150 μL FluoroBrite DMEM supplemented with 2% FA-free BSA in the presence of 10 μM CL 316,243. To analyze stimulated lipolysis, tissues were transferred into 150 μL fresh FluoroBrite DMEM supplemented with 2% FA-free BSA and 10 μM of CL 316,243 for another 60 min. Glycerol content was analyzed by combining 5 μL of supernatant and 200 μL of Free Glycerol Reagent and incubating for 15 min at room temperature before measuring absorbance at 540 nm. At the end of the experiment, the tissue pieces were delipidated by CHCL 3 extraction and solubilized in 0.3 N NaOH/0.1% SDS at 65°C overnight. Protein content was determined using Pierce BCA Protein assay. Results are expressed as μmol of glycerol per mg of tissue protein.
Isolation of stromal vascular fraction (SVF) from brown adipose tissue (BAT)-
BAT SVF was isolated as previously described (Rajakumari et al., 2013) . Briefly, BAT was minced and placed into digestion medium (DMEM, Collagenase D: 6.1mg/ml (Roche), Dispase II: 2.4 mg/ml (Roche) and placed at 37°C with constant agitation at 200 rpm for 45 min. Cells were filtered through a 100 μm filter into an equal volume of complete medium (DMEM/10% FBS). Cells were pelleted at 400 g for 4 min.
Histology-Tissues were fixed in 4% PFA overnight, washed in PBS, dehydrated in ethanol, paraffin-embedded and sectioned. Sections were stained with hematoxylin and eosin. Images were captured on a Keyence inverted microscope. For transmission electron microscopy, BAT was fixed in 2.5% glutaraldehyde, 2.0% paraformaldehyde in 0.1 M sodium cacodylate buffer (pH 7.4) overnight at 4°C. Thin sections were stained with uranyl acetate and lead citrate and analyzed with a JEOL 1010 electron microscope.
RNA Extraction, qRT-PCR, and RNA-sequencing analyses-Total RNA was extracted from using TRIzol (Invitrogen) combined with Purelink RNA columns (Fisher) and quantified using a Nano-drop. mRNA was reverse transcribed into cDNA using the ABI High-Capacity cDNA Synthesis kit (ABI). Real-time PCR was performed on an ABI7900HT PCR machine using SYBR green fluorescent dye (Applied Biosystems). Fold changes were calculated using the ΔΔCT method, with Tata Binding Protein (Tbp) mRNA serving as a normalization control. RNaseq libraries were prepared using the NEB Next Ultra RNA Library Prep Kit and sequenced on a NovaSeq 6000 (PE150) (Novogene). RNAseq reads were aligned to UCSC mm9 genome using STAR aligner (Dobin et al., 2013) with an option, "-outSAMstrandField intronMotif-outFilterMultimapNmax 1." Mitochondrial reads were filtered out to avoid sequencing depth bias due to mitochondrial abundance. Then, reads aligned to genes were counted using featureCounts (Liao et al., 2014) . Differential gene expression analysis was performed using edgeR (Robinson et al., 2010) . Hierarchical clustering was performed to identify distinct functional modules of genes using Ward's criterion and Pearson correlation as a similarity measure. Gene ontology analysis was done using EnrichR (Chen et al., 2013) .
(NEB) and BglII (NEB), and inserting a 51 bp annealed oligonucleotide synthesized with the ERR binding site deleted. pRL-CMV was used for internal normalization of luciferase assays. The EBF2 R162A DNA binding mutant was generated by site-directed PCR mutagenesis and designed using homology from EBF1 (Fields et al., 2008) . The C-terminal domain mutant form of EBF2 was generated by PCR to encode only the N-terminal 421 amino acids of the wild-type protein (by analogy to EBF1; Boller et al., 2016) . Expression plasmids (pcDNA-PGC1α, pcDNA-ERRα, pcDNA-EBF2, pcDNA-EBF1, pcDNA-EBF2, pcDNA-EBF3, pcDNA-PPARγ, and pcDNA-RXRα) were described before Rajakumari et al., 2013) . Plasmids were transfected into NIH 3T3 cells with Lipofectamine 2000 (Invitrogen). 48 hours following transfection, cells were harvested in passive lysis buffer and dual luciferase assay was performed (Promega E1910) with a Synergy plate reader (BioTek). For CRISPR experiments, gRNA constructs were designed using CRISPOR and cloned into lentiCRISPR v2 as described previously (Haeussler et al., 2016; Shapira et al., 2017) . Two gRNAs against each experimental target were co-infected to create mutant cell lines.
QUANTIFICATION AND STATISTICAL ANALYSIS
No power calculations were performed prior to initiation of the study. No mice were omitted from the study. All individual data points were plotted to assay normality. Two sample t tests were performed where comparisons between two groups were being assayed. One way ANOVAs with pairwise comparisons corrected with the Holm Sidak method were performed where comparisons between more than two groups were being assayed. One-way repeatedmeasure ANOVAs with pairwise comparisons corrected with the Holm Sidak method were performed where comparisons between more than two groups and repeated-measures were being assayed. # indicates p value < 0.1; * indicates p value < 0.05, ** indicates p value < 0.01, *** indicates p value < 0.001, **** indicates p value < 0.0001. (G) Relative mRNA levels of Ebf1, Ebf2, and other indicated genes in BAT from Ebf1 WT and Ebf1 ΔAdipoq mice housed at RT (n = 4 mice per group; mean ± SEM). (H) Hematoxylin and eosin staining of BAT from Ebf2 WT , Ebf2 ΔAdipoq , Ebf1/2 WT , and Ebf1/2 ΔAdipoq mice housed at RT or 4°C for 1 week (scale bar, 100 μm). 
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